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 Bioconcrete- A Sustainable Substitute for Concrete?  
Abstract 
 
Today the application of concrete is rapidly increasing worldwide; it is already the most used man-
made material in the world as it is relatively cheap and its basic ingredients (sand/ gravel/ water) are 
readily available. However, the development of a sustainable concrete is urgently needed for 
environmental reasons. It is clear that cement, the key binder ingredient in concrete has a high 
environmental impact. Presently about 10% of the total anthropogenic CO2 is due to the cement 
production solely.  Today innovation is leadingly being inspired by nature as a sustainable 
alternative. Hence, taking notes from biomimicry and biotechnology, investigation is being 
conducted to create concrete the way nature does with microorganisms. Therefore, a bioconcrete 
would be a suitable substitute for cement based concrete. Naturally, bio-mineralisation process 
occurs at a very slow rate over geological times like the formation of limestone, sandstone, etc. 
Bioconcrete would be this process, achieved at a much shorter timescale. Among the three natural 
methods of Microbially Inducing Precipitation of Calcium carbonate (the cementing agent); this 
dissertation looks into the method where organisms are involved in the nitrogen cycle such as 
ureolytic bacteria for the biocementation process. The urease enzyme present in these bacteria 
hydrolyses urea to produce carbonate; and in presence of a calcium source, calcium carbonate is 
readily precipitated under these conditions.   
This thesis analyses the feasibilities of bioconcrete as a construction material, as an environment 
friendly material and as an alternative to existing concrete; the latter two were analysed by means 
of Life-Cycle-Assessment (LCA) framework.  
(i) Based on research literature, biocementation is being used for variety of applications that 
make it a compatible alternative to cement. In particular this method used for consolidation of sand 
(aggregate) and the attainable strengths comparable to that of concrete, make it a practicable 
substitute to concrete. However, at large scale no suitable application method is established and 
uniform distribution of strengths is yet to be mastered.  
(ii) The largest environmental impacts caused by bioconcrete are due to Fossil fuel 
consumption, which is mainly caused by urea production. However, for many of its major raw 
materials like urea exists the possibility of acquiring them from waste products and by-products 
from other industrial processes.  
(iii) Based on the assumptions and estimations made in these LCA’s, it can be concluded that 
the environmental impact of bioconcrete is half that of concrete, even though the production of the 
inputs in bioconcrete have a 37% higher environmental impact as that of concrete. This is mainly 
due to the possibility of bioconcrete being total recyclable, into aggregates to re-produce more 
bioconcrete hence forming a closed loop by closing its cycle.  
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Resumen 
 
Hoy en día la aplicación del hormigón está aumentando rápidamente en todo el mundo, ya es el 
material artificial más utilizado, ya que es relativamente barato y sus ingredientes básicos (arena / 
grava / agua) están disponibles. Sin embargo, el desarrollo de un hormigón sostenible es urgente 
por razones medioambientales. Está claro que el cemento, el ingrediente clave para aglomerar en el 
hormigón, tiene un alto impacto ambiental. En la actualidad alrededor del 10% del total de CO2 
antropogénico es debido a la producción de cemento solamente. Hoy la mayoría de la innovación se 
inspira en la naturaleza como una alternativa sostenible. Por lo tanto, tomando notas de la 
Biomimetismo y la Biotecnología, la investigación se lleva a cabo para crear hormigón de la forma 
que hace la naturaleza con los microorganismos. Por lo tanto, biohormigón sería un sustituto 
adecuado para el hormigón. Naturalmente, el proceso de la bio-mineralización se produce a un 
ritmo muy lento en los tiempos geológicos como la formación de piedra caliza, arenisca, etc 
Biohormigón sería este proceso, alcanzado en un periodo de tiempo mucho más corto. Entre los tres 
métodos naturales de inducir precipitación de carbonato de calcio por microorganismos (el agente 
de cementación), esta tesina se trata sobre el método de los organismos que intervienen en el ciclo 
del nitrógeno, como las bacterias ureolíticos para el proceso de biocementación. La enzima ureasa 
presente en las bacterias, hidroliza la urea para producir carbonato, y en presencia de una fuente de 
calcio, precipita el carbonato de calcio fácilmente. 
Esta tesina analiza la factibilidad de biohormigón como material de construcción, como material 
favorable al medio ambiente y como una alternativa al hormigón existente, estos dos últimos se 
analizaron por medio del marco del Análisis de ciclo de vida (ACV).  
(i) Basado en la literatura de investigación, la biocementación está siendo utilizada para una 
variedad de aplicaciones que convierten en una alternativa comparable con el cemento. En 
particular este método utilizado para la consolidación de la arena (agregado) y la resistencia posible 
es comparable a la del hormigón, así lo convierten en un sustituto viable para hormigón. Sin 
embargo, a gran escala no existe un método de aplicación adecuado establecido, ni una distribución 
uniforme de resistencia, que es necesario alcanzar.   
(ii) El más grande de los impactos ambientales causados por biohormigón se deben al consumo 
de combustibles fósiles, la producción de urea es la principal causa de este impacto. Sin embargo, 
para muchos de sus principales materias primas como la urea, existe la posibilidad de adquirir los 
productos de los residuos y subproductos de otros procesos industriales. 
(iii) Basándonos en los supuestos y estimaciones realizadas en los ACV’s, se puede concluir 
que el impacto ambiental de biohormigón es la mitad que del hormigón, a pesar de que en la fase de 
la producción de los insumos en biohormigón son el impacto ambiental es 37% más que del 
hormigón. Esto se debe principalmente a la posibilidad de total reciclaje de biohormigón, en los 
agregados y re-utilizado para producir más biohormigón, formando así un circuito cerrado de su 
ciclo.  
 
 
 
Palabras claves: Biohormigón, hormigón, Análisis de ciclo de vida (ACV)  
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Resum  
 
Avui dia l'aplicació del formigó està augmentant ràpidament a tot el món, ja és el material artificial 
més utilitzat, ja que és relativament economic i els seus ingredients bàsics (sorra / grava / aigua) 
estan disponibles. No obstant això, el desenvolupament d'un formigó sostenible és urgent per raons 
mediambientals. És clar que el ciment, l'ingredient clau per aglomerar en el formigó, té un alt 
impacte ambiental. En l'actualitat al voltant del 10% del total de CO2 antropogènic és degut a la 
producció només del ciment. Avui la majoria de la innovació s'inspira en la naturalesa com una 
alternativa sostenible. Per tant, prenent notes de la biomimètica i la Biotecnologia, la investigació es 
porta a terme per crear formigó de la manera que fa la natura amb els microorganismes. Per tant, el 
bioformigó seria un substitut adequat per al formigó. Naturalment, el procés de la bio-
mineralització es produeix a un ritme molt lent en els temps geològics com la formació de pedra 
calcària, gres, etc. Bioformigó seria aquest procés, assolit en un període de temps molt més curt. 
Entre els tres mètodes naturals d'induir precipitació de carbonat de calci per microorganismes 
(l'agent de cementació), aquesta tesina tracta sobre el mètede dels organismes que intervenen en el 
cicle del nitrogen, com els bacteris ureolíticos per al procés de biocementación. L'enzim ureasa 
present en els bacteris, hidrolitza la urea per produir carbonat, i en presència d'una font de calci, 
precipita el carbonat de calci fàcilment.  
Aquesta tesina analitza la factibilitat de bioformigó com a material de construcció, com a material 
favorable al medi ambient i com una alternativa al formigó existent, aquests dos últims es van 
analitzar mitjançant el marc de l'Anàlisi de Cicle de Vida (ACV).  
(i) Basat en la literatura de recerca, la biocementación està sent utilitzada per una varietat 
d'aplicacions que la converteixen en una alternativa comparable al ciment. En particular aquest 
mètode utilitzat per a la consolidació de la sorra (agregat) i la resistència possible és comparable a 
la del formigó, així el converteixen en un substitut viable per a formigó. No obstant això, a gran 
escala no hi ha un mètode d'aplicació adequat establert, ni una distribució uniforme de resistència, 
que cal assolir.  
(ii)  El més gran dels impactes ambientals causats per bioformigó es deuen al consum de 
combustibles fòssils, la producció d'urea és la principal causa d'aquest impacte. No obstant això, per 
a molts de les seves principals matèries primes com la urea, hi ha la possibilitat d'adquirir els 
productes dels residus i subproductes d'altres processos industrials.  
(iii)  Basant-nos en els supòsits i estimacions realitzades en els ACV 's, es pot concloure que 
l'impacte ambiental de bioformigó és la meitat que del formigó, tot i que en la fase de la producció 
de les entrades del bioformigó l'impacte ambiental és del 37% més que del formigó. Això meitat 
impacte es deu principalment a la possibilitat de total reciclatge de bioformigó, en els agregats i re-
utilitzat per produir més bioformigó, formant així un circuit tancat del seu cicle.  
 
 
 
Paraules claus: Bioformigó, Formigó, Anàlisi de Cicle de Vida (ACV  
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1. Introduction 
 
1.1. Background (Concrete and its evolution) 
Concrete is a commonly used construction material formed by mixing cement (binder), aggregate, 
water and admixtures in different ratios depending on the function and strengths required.  The 
oldest known surviving concrete is found in the former Yugoslavia and is thought to have been laid 
in 5600 BC using red lime as the cement. The first major concrete users were the Egyptians around 
2500 BC; Egyptians used mud mixed with straw to bind dried bricks. Later the Romans since 300 
BC made many developments in concrete technology including the use slaked lime a volcanic ash 
called pozzuolana; animal fat, milk, and blood were used as admixtures; and even built the 
Pantheon in 200 AD with lightweight aggregates in the roof. Even today this 43.3metre diameter 
dome is still the world’s largest non-reinforced concrete dome. After 400 AD the art of Concrete 
was lost with the fall of the Roman Empire. It was only in 1824 that modern concrete was 
developed by Joseph Aspdin. He patented what he called Portland cement which till date remains as 
the key ingredient in concrete.  
 
1.2. Sustainability of concrete (Cement Industry)  
Today the application of concrete is rapidly increasing worldwide; it is already the most used man-
made material in the world as it is relatively cheap and its basic ingredients (sand/ gravel/ water) are 
readily available. The main concern is that concrete is unsustainable due to the painful carbon 
footprint associated to it.  
 
It has been clear that cement, the key binder ingredient in concrete has a high environmental 
impact. Presently about 10% of the total anthropogenic CO2 is due to the cement production solely 
(Jonkers 2009). As according to Soutsos, the thumb rule for cement production goes as for every 
tonne of cement made, a tonne of CO2 is produced (Crow 2008). After the Kyoto Protocol, several 
commitments have been made to reduce this through a series of frameworks- (i) production 
efficiency, (ii) energy efficiency, especially in calcination phase as it accounts for the majority of 
the energy consumption (Ciment Catala 2007) and (iii) innovation in CO2 capture and storage 
(CCS) technologies.  
 
Nowadays, the cement production process is based on a totally automated system, which involves 
exhaustive procedures of quality control in real time, in all the process stages. This is the only way 
of achieving an optimal product, in a framework of production efficiency (Ciment Catala 2007). On 
the other hand, more energy efficient modern kilns are being used, whereby about 800kg of CO2 
being produced per tonne of cement (Crow 2008).  However, even such measures still have huge 
emissions, as making Portland cement (the most commonly used cement) not only requires 
significant amounts of energy to reach reaction temperatures of up to 1500oC, but also because the 
key reaction itself is the breakdown of calcium carbonate into calcium oxide and CO2. Of those 
800kg of CO2, around 530kg is released by the limestone decomposition reaction itself (Crow 
2008). As stated above an important innovation in cement production technology relates to the use 
of CCS technologies to reduce the CO2 emissions, with potential reduction of up to 95%. Post-
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combustion capture and oxy-combustion CO2 capture are promising technology options, but none 
has been tested so far in industrial-scale cement plants (Cochez et.al 2010). However, if CCS will 
be used, the thermal energy consumption will be higher (ECRA 2009). 
 
1.3. Minimization of the Environmental Impacts  
Presently to reach optimal levels of sustainability, several investigations are being made to reduce 
the environmental impact of concrete. Such as (i) Obtaining optimal strengths (ii) Replacing 
Portland clinker with alternative cements and (iii) Increasing concrete durability. 
 
Another reason for concrete having such an impactful carbon footprint is due to the huge quantities 
being used (Scrivener in Crow 2008). Hence by obtaining optimal strengths the amount of concrete 
consumed to do the same job can be reduced. To achieve high strengths of concrete the water: 
cement ratio can be reduced to 0.16, as complete hydration is not needed if admixtures are added 
and as such attaining higher strengths than completely hydrated concrete. And in terms of threshold 
of workability due to lowered water amounts can be achieved using additives called plasticisers. 
However, the workability of the concrete is the only thing preventing from going below this ratio 
(Crow 2008).  
 
Replacing Portland clinker, either partially or entirely, with alternative cements is also being 
investigated as an approach to tackling concrete’s CO2 emissions. Waste materials, such as slag 
(from blast furnaces) and fly ash (from coal-fired power stations), are already being used as 
supplementary cementitious materials (SCMs) and have been for some decades. However, with 50 
percent clinker replacement with fly ash, the early strength drops dramatically (Crow, 2008).  Or 
even if the clinker were to be replaced entirely by slag, an alkali can be added to activate it.  
However, Alkali-Silica reactions is a more and more of a problem because as time goes by, it is 
being discovered that more and more aggregates are reactive (Scrivener in Crow 2008).   
 
Concrete as a material is liable to crack formation and degradation. It has been observed that if 20 
percent of cement content is reduced the durability improves because it is the cement paste that is 
most porous. So it is the cement that provides a route by which elements of exposure can go in and 
out, hence the less cement used the better the concrete (Dhir in Crow 2008). Pores in the material 
allow corrosive materials such as chlorides and sulphates to penetrate the structure and attack the 
metal reinforcement – the cause of over 90 percent of problems of reinforced concrete durability 
(Scrivener in Crow 2008). However, ultimate strength of concrete is more important than short-
term CO2 savings.  
 
Another alternative is self-healing of concrete – Biologically based like the incorporation of bio-
cement producing bacteria. This technique remediates cracks and fissures in concrete with 
Microbiologically Induced Calcium carbonate Precipitation (MICP) a process by which living 
organisms form inorganic solids (Stocks-Fischer et al. 1999). When bacteria Sporosarcina pasteurii 
was used on concrete, the sand consolidated by it, reduced porosity by up to 50 percent and 
permeability by up to 90 percent in the areas where the cementation took place (Kantzas et al. and 
Gollapudi et al.  in Whiffin 2004).  This was mainly due to the formation of a new additional calcite 
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layer on the surface of the already existing concrete layer which is highly insoluble. Thus it resists 
the penetration of harmful solutions into the concrete (alkali, sulphate etc…) thereby decreasing the 
deleterious effects they may cause and increasing durability (Ramakrishnan et al. 2001). 
 
1.4. Alternate substitute to conventional concrete (Microbial Carbonate 
Precipitation) 
All above mentioned investigations focus on improvements and/or part substitution of components 
of the existing available concrete. However, today like self-healing of concrete, innovation is 
leadingly being inspired by nature as a sustainable alternative. In Janine Benyus words “Doing it 
nature’s way”; where nature is either a model (in terms of form, process, system and strategies), a 
measure (an ecological standard to judge sustainability) or/and a mentor (a way of viewing and 
valuing). In nature exists organisms that have solved problems that humans spend careers to solve 
(Benyus 2005) and yet they live in harmony for centuries now. Hence, taking notes from 
biomimicry and biotechnology, investigation is being conducted to create concrete the way nature 
does with microorganisms. In natural environments exists bio-mineralisation: the precipitation of 
minerals by living organisms. This can be observed in both eukaryotic organisms like plants 
producing cystolith inclusion in leaves and animals forming bones, teeth and shells; and 
Prokaryotic organisms that can precipitate minerals like calcites, carbonates, silicates, etc. (Stocks-
Fisher et al.  1999). Therefore, bioconcrete as a suitable substitute for cement based concrete. 
 
Bioconcrete is modelled on organisms that induce Microbial Carbonate Precipitation (MCP) 
through their metabolic processes and in the presence of calcium precipitate calcium carbonate 
(CaCO3). In nature 3 groups of organisms can induce MCP: (i) Photosynthetic organisms- such as 
cyanobacteria and algae that remove CO2, (ii) Sulphate reducing bacteria- that are responsible for 
dissimilatory reduction of sulphates and (iii) organisms that are involved in the nitrogen cycle- 
either ammonification of amino acids/ nitrate reduction/ hydrolysis of urea (Castanier et al.  1999; 
Hammes and Verstraete 2002).  
 
Among the above, hydrolysis of urea by the enzyme urease is the simplest of all the MCP 
mechanisms stated (Whiffin 2004).  This method presents several advantages too; it is robust hence 
easily controllable and has the potential to produce high amounts of carbonate within a short period 
of time (De Muynck 2009). Also, in the presence of a calcium source, calcium carbonate is readily 
precipitated under these conditions (Whiffin 2004).  
 
Urease activity is widespread amongst bacteria (Stocks-Fischer et al. 1999; Fujita et al.  2000). As 
such, the use of ureolytic bacteria for precipitation of carbonate (Eqn 1) is the most commonly used 
approach among MCP for production of calcium carbonate.  
 
 
 
  
CO(NH2)2     +    2H2O            CO32-            +         2NH4+             (1) 
    (urea)                (water)          (carbonate ion)        (ammonium ion) 
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1.5. Bacterial Carbonate Precipitation (BCP) applications as a construction 
material 
Possible applications of BCP are being investigated worldwide, of which many focus on 
bioremediation of cracks, biodeposition on cementitious material, improvement in brick durability, 
and biocementation. 
 
1.5.1.  Bioremediation of cracks (Ramachandran et al.  2001; Verstraeta et al.  2003; Bang et al.  
2001; Ramakrishnan et al.  2001; De Muynck et al.  2009) 
BCP is a good sealant as it forms a new layer above the surface of the old concrete layer. This 
further enhances the strength and durability of the structure as this crack sealing results in decrease 
in water permeability. This method has been used by Tiano et al. (1999) to conserve natural stone 
monuments. 
 
1.5.2. Biodeposition on cementitious materials (De Muynck et al.  2006) 
Cementitious materials (stone, concrete, mortar) are prone to ingress of water and other deleterious 
substances that lead to their deterioration.  Therefore surface treatments play an important role in 
protection of such materials. The deposition of a layer of CaCO3 on the surface of the material 
results in a decrease in the permeation properties of the material thus improving their durability. 
 
 
 
 
 
 
 
 
 
 
1.5.3. Biogrout (Whiffin et al.  2007; DeJong et al.  2008; Van Paassen 2009) 
Bio-mediated ground improvement has caught the attention of Dutch companies to solidify the 
dikes to prevent floods in low-lying areas. At TU Delft, research by Whiffin et al.  (2007) has 
shown that biogrouting enables to stabilise soil and other particulate matter. This method is useful 
for tunnelling, earthquake repair and instant pavements.  
 
 
 
 
 
 
 
 
 
  
Figure 1.2: First field scale (100m3) Biogrouting 
experiment (Image Source: van Paassen 2009) 
Figure 1.1: Biodeposition – Thin sections (i) and SEM pictures (ii)
             (Image Source: De Muynck 2009) 
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1.5.4. Improve durability of bricks (Sarda et al.  2009) 
Most of the deterioration of brick structures takes place because of the presence of moisture. Sarda 
et al.  (2009) were able to increase brick strength by reducing water absorption up to 45%. In this 
method deposition of BCP on the surface and in voids of the bricks reduced the water absorption. 
 
1.5.5. Biomanufactured bricks (Dosier 2010) 
At American University of Sharjah, Dosier has investigated in biomanufacturing of bricks by MICP 
process as a substitute to clay-fired bricks.  
 
 
 
 
 
 
 
 
 
 
 
 
 
1.5.6. Bioconcrete (Whiffin 2004; Jonkers et al.  2008; Al-Thawadi 2008) 
At Murdoch University, Al-Thawadi (2008) has been able to use BCP as a cementing agent to bind 
sand particles together. With multiple bacterial applications sandstone has been replicated at a 
much shorter timescale. Successful experiments have been conducted where soft sand turns hard, 
changing into a substance as hard as marble (Rudwisch 2009) and unconfined compressive strength 
of up to 30MPa has been recorded (Al-Thawadi 2008). This is now being commercialised to 
produce precast products.  
 
  
Figure 1.4: Biocementation of column experiment 
(Image Source: Al- Thawadi 2008) 
Figure 1.3: Biomanufactured bricks at Sharjah UAE 
(Image Source: GreenerBuildings Staff 2010) 
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1.6. Advantages of Biocementation 
Research on this technology has been stated amongst others in Time magazine as the Best Invention 
of the Year – 2007.  
 
• Biocementation has shown to achieve mechanical strengths that are comparable to 
conventional concrete. Multiple treatments can control the strength developed. 
• Improvement of load bearing capacity of soil without making the soil impermeable to fluids 
by MCP is a unique property compared to other treatment methods. 
• Reactants are aqueous in nature, hence less energy required as low injection pressure is 
required as they easily infiltrate into pores. 
• Cost-saving as the most expensive consumable component urease can be reused. 
 
1.7. Need and purpose of this Research 
Firstly at the beginning of the introduction, the problems faced with conventional cement based 
concrete have been stated and it is clear that an alternate sustainable substitute needs to be looked 
into urgently. Secondly, BCP is being investigated as a sustainable substitute, which forms 
bioconcrete. However, as mineral precipitation is induced by using the bacteria itself, the 
bioconcrete case is not just a nature inspired technology but also a bio-assisted one. Now with 
humans too imitating and producing in the same manner as nature, but for applications other than 
natural; what would happen to the natural balance that exists? Will the residue accumulation have 
environmental impacts? If yes, are there low impact treatments to reduce them?  
 
Presently, all research too on BCP is being focussed on mastering this technique for various 
applications. Hence, it is essential to assess and state the possible environmental impacts of 
bioconcrete production process at an industrial scale.  
 
1.8. Dissertation Objectives 
In order to have a complete environmental assessment of bioconcrete, to advance the possibilities of 
it being a sustainable alternate state-of-the-art substitute to conventional cement based concrete, it 
is necessary to have a thorough understanding of biocementation process induced by microbial 
carbonate precipitation by urea hydrolysis. 
 
Hence, the main objectives of this dissertation: 
1.8.1. To acquire knowledge in biocementation mechanism through MICP using ureolytic 
bacteria and to jot down in a systematic manner the bioconcrete production process. 
 
1.8.2. To evaluate the potential environmental impacts of bioconcrete production process 
through life cycle assessment (LCA) framework and to propose suitable alternate 
solutions to these problems. 
 
1.8.3. A comparative study of conventional concrete with bioconcrete processes and LCA to 
determine which of these is a more environment friendly material.  
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1.9. Research approach  
1.9.1. Main research approach - The determination of sustainability is the key component to this 
methodology; hence, this research is an attempt to evaluate and analyse the existing actual 
investigation data available and deduce the objectives stated above.  
1.9.2. Background research - To gather basic information from various researches conducted at 
different universities containing information about the application of bacteria as a 
biocementing agent. This enables to develop a deeper understanding of the biochemical 
processes for MICP to form bioconcrete. Also it helps identify areas of study that have 
been neglected or skipped and need further investigation. (Sources of data- research papers 
and PhD theses)  
 
1.10. Thesis Outline 
Initially the environmental impacts of conventional cement based concrete were identified. Further 
study identified the state-of-the-art concrete technologies implemented to minimize these impacts. 
These technologies have been evaluated in chapter 1  
 
Chapter 2 describes the biocementation mechanism, necessary raw materials and also states a 
typical biocementation process for 1m3 of bioconcrete. Information for this process has been 
compiled from the PhD theses of Salwa M. Al-Thawadi, Murdoch University (2008) and L.A. van 
Paassen, TU Delft (2009).  
 
Based on the above process, chapter 3 analyses the potential environmental impacts caused during 
the life-cycle of bioconcrete using SimaPro software, thus identifying all the impacts caused by the 
inputs consumed and outputs produced. Furthermore, brief suggestions on the suitable alternate 
solutions to the most impactful materials or processes identified in the LCA that could in turn 
reduce their impacts. 
 
Chapter 4 is a comparative study on the LCA of bioconcrete with the LCA of concrete to deduce 
the sustainable feasibility of changing to this material. Also the environmental impacts of the two 
materials are compared at every phase with SimaPro program. 
 
Finally, chapter 5 concludes the feasibilities of bioconcrete as: (i) a construction material, (ii) a 
sustainable material and (iii) an alternative to concrete. 
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2. Bioconcrete- Introduction  
 
The objective of this chapter is to prepare a brief review on the biocementation 
mechanism and the mechanical properties achievable. And exemplify the complete 
production process for 1m3 of bioconcrete; listing the necessary raw materials and 
biocementation process. 
 
2.1. Biocementation Mechanism 
Naturally, bio-mineralisation process occurs at a very slow rate over geological times (Stocks-
Fischer et al.  1999) like the formation of limestone, sandstone, etc. Bioconcrete is this process, 
achieved at a much shorter timescale.  
 
Figure 2.1: Sand into Sandstone 
 
2.1.1. MICP by urea hydrolysis 
In bioconcrete, the microbially induced precipitated calcium carbonate (CaCO3) acts as the 
cementing agent. In MICP by urea hydrolysis, the enzyme urease, catalyse substrate urea to 
precipitate carbonate ions in presence of ammonium. And with the presence of calcium ion, CaCO3 
is precipitated.  
 
There are four parameters that govern MICP: (i) the calcium concentration, (ii) the carbonate 
concentration, (iii) the pH of the environment and (iv) the presence of nucleation sites (Hammes 
and Verstraete 2002).  
 
2.1.2. Urease Source 
Non-pathogenic micro-organisms are used as a urease source to catalyse precipitation of minerals. 
S. pasteurii (formerly known as Bacillus pasteurii) is an alkaliphilic bacterium found in soil, 
sewage and urinal incrustations (Sneath 1986 and Whiffin 2004). It has a unique mechanism for the 
formation of ATP which is coupled with ATP generation and urea hydrolysis. It is the most 
commonly used urease source due to its properties of: (i) high urease production capacity, (ii) 
ability to produce urease in the presence of ammonium, (iii) high stability (robust), (iv) consistent 
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production (reliable) and (v) does not require further down-stream processing prior to use in 
biocementation (Whiffin 2004). Industrial applications such as bioremediation of cracks 
(Ramakrishnan et al. 2005), strengthening of concrete (Ramachandran et al.  2001) and biogrouting 
(Van Paassen 2009) use S. pasteurii. 
 
While on the other hand, Al-Thawadi (2008) tested various soil and sludge samples that were likely 
to contain ureolytic bacteria. He obtained pure bacterial isolates from three samples that had high 
urease activity and produced the similar strains. Further, these three isolates were genetically 
examined and analysed to be closely related to Bacillus species. All isolates were 100% related to 
B. sphaericus group, 97% related to B. pasteurii and 96% related to a S. species. However, Al-
Thawadi finally continued with the original enrichments instead of these isolate strains as without 
isolation they already produced high urease activity.  
 
Most of the studies for varied application, ureolytic bacteria of the genus Bacillus were used as an 
agent for MICP. Ramachandran et al.  (2001) and De Muynck et al.  (2008) use Bacillus 
Sphaericus. 
 
2.1.3. Processes involved in CaCO3 precipitation (Ferris et al.  1987; Whiffin 2004; DeJong et 
al.  2006; Al-Thawadi 2008; van Paassen 2009) 
 
A) Hydrolysis of urea (Eqn. 2, 3 & 4) 
S. pasteurii uses urea as an energy source producing ammonia which increases the pH of the 
environment and generates carbonate. Urea hydrolysis generates carbonate ions at a 1:1 molar ratio, 
hence controlling one of the key parameters for MICP of dissolved inorganic carbon concentration.  
 
B) Increasing alkalinity (Eqn. 5) 
The pH of the environment has a significant effect on the specific urease activity (SUA), hence 
affecting carbonate speciation. The effect of pH between 6 and 8.5 is negligible as the cells protect 
the enzyme from acidity. At neutral pH, bicarbonate (HCO3-) is the dominant carbonate species 
rather than carbonate (CO32-), causing a rise in pH to maintain charge balance. This increase in pH 
starts ammonium (NH4+) to dissociate to ammonia (NH3) until equilibrium is reached between 
NH4+/NH3 and CO32-/HCO3- at a pH of about 9.3.  The pH of the environment is important as it 
affects carbonate speciation and CaCO3 solubility.  
 
Urease Mechanism 
 
 
 
 
 
 
 
 
 
  
H2N-CO-NH2  +  H2O   Urease   NH3  +  H2N-CO-OH   (2)  
   
              Spontaneously 
       H2N-CO-OH  +  H2O    Decomposes   NH3  +  H2CO3         (3)  
         
 
       Equilibrate  
 H2CO3        in water    H+   +   HCO3-                  (4)  
         
 
          Equilibrate  
2NH3  +  2H20   in water    2NH4+  +  2OH-              (5)  
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C) Surface absorption of Ca2+ ions (Eqn. 6 & 7) 
Ca2+ ions are supplied in the form of calcium chloride; these ions are attracted to the bacterial cell 
wall due to the negative charge of the solution.  
 
Cementation 
 
 
 
 
 
 
D) Nucleation and crystal growth (Eqn. 8) 
Precipitation involves: (i) The development of supersaturation solution, (ii) Nucleation (the 
formation of new crystals) begins at the point of critical saturation and (iii) Spontaneous crystal 
growth on the stable nuclei. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Crystals form when the solute concentration in a solvent exceeds solubility product 
(supersaturation). The solubility product of calcium carbonate is extremely low (3.3 x 10-9mol.L-1) 
at 25oC, hence as soon as Ca2+ and CO32- ion concentration exceed this, CaCO3 will precipitate. 
Nucleation is affected by temperature, degree of supersaturation and the presence of other surfaces. 
Bacterial cells themselves can act as nucleation sites for the formation of crystals. Once stable 
nuclei are formed they start to grow. A crystal undergoes several transitions and their growth rate 
for each mineral phase or growth mechanism is directly related on the level of supersaturation in 
the solution. Supersaturation level determines the mineral type of CaCO3 precipitated and these 
levels develop with hydrolysis rate. Hence, a metastable mineral phase like amorphous calcium 
carbonate and vaterite (spherical crystals) is formed at high supersaturation level, and they 
eventually dissolve and reprecipitate as a more stable calcite (rhombohedral crystals) at lower 
supersaturation level. However, if a metastable crystal is coated with a stable calcite a composite 
mineral structure is formed. 
 
           
 
Ca2+
  
+  Cell
  
     Cell. Ca2+           (6)  
          
 
           
 
Cl-
  
+  HCO3-  +  NH3    NH4Cl  + CO32-             (7)  
          
 
           
 
Cell. Ca2+  +  CO32-        Cell. CaCO3                (8)  
          
 
Figure: 2.2: Schematic representation summarising the different 
phases (A,B,C and D) during CaCO3 precipitation process via 
ureolytic bacteria. (Reference: Al-Thawadi 2008)  
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Figure 2.3: SEM images of a sample of calcareous sand containing CaCO3 crystals 
formed by MICP via hydrolysis of urea. A-B: sand grains are fully covered with 
thin layer of calcite crystals, 2-5µm in size; C at the grain contacts the calcite 
crystals overlap. (Image Source: van Paassen 2009) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ultimately, decay in urease activity after several hours is caused by the cumulative effect of 
enzyme excretion, cell decay, wash out, encapsulation in the CaCO3 crystals and porosity. High salt 
concentrations or presence of toxic compounds and high temperatures accelerate cell lysis and loss 
of hydrolysing capacity. 
 
2.1.4. Mechanical properties 
Phenomena occurring during biocementation: (i) coating of particles and (ii) partial infilling of void 
spaces between particles by CaCO3 crystals.  
 
A) Stiffness and Strength  
A correlation exists between CaCO3 content, dry weight and strength. The strength obtained 
depends on the dry sand density, as densely packed sand requires less biocementation as compared 
to less dense sand to achieve the same strength (van Paassen et al.  2009); and the point-to-point 
contact of CaCO3 crystal which bridges between 2 adjacent granules (Al-Thawadi 2008). The 
maximum unconfined compressive strength (UCS) achieved at small scale was up to 30MPa by Al-
Thawadi (2008) and at large scale was up to 12MPa by van Paassen et al.  (2009). The strength 
mildly (i) increases with strength of the individual particles and (ii) decreases with particle size, 
particle pre-coating with CaCO3 and roundness of particles (Al-Thawadi 2008). Additionally, 
reactions that take place very quickly are soft and powder like crystals, while naturally limestone, 
etc. form slowly and are very hard (Whiffin 2004).  
 
Homogenous development of strength is influenced by the distribution of bacteria or urease 
activity; as the bacteria are either absorbed, strained /and detached during the flow and 
transportation through the granules (van Paassen et al.  2009). Few factors affecting this are: (i) 
Fluid properties like varying viscosity and density of different solutions, (ii) Cell wall 
characteristics like hydrophobicity, charge and appendages and (iii) Solid properties like grain size 
distribution, surface texture and mineralogy (Al-Thawadi 2008). Regarding stiffness of bioconcrete, 
it follows a similar trend as strength (van Paassen et al.  2009). 
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2.2. Raw materials for biocementation 
 
All information on the raw materials used is gathered from the biocementation of 1m3 of sand 
experiment performed by Van Paassen et al.  (2009). 
 
2.2.1. Bacterial Cultivation 
A) Microorganism 
100L bacterial suspension with S. pasteurii was cultivated under aerobic conditions in a medium 
containing 20g.L-1 yeast extract, 10g.L-1 NH4Cl and 10µM NiCl2. The organisms were grown to late 
exponential or early stationary phase, harvested and stored at 4oC prior to use. S. pasteurii can be 
cultured in non-sterile environments up to 2 days with maximum level of contamination not 
exceeding 5% of the inoculum (Whiffin 2004). 
 
B) Protein source 
Maximum bacterial growth and consequently urease activity can be obtained with 20g.L-1 yeast 
extract; beyond this no significant increase can be observed.  
 
C) Catalysts 
The presence of 10µM Ni2+ ions in the active site of urease aids functional activity as well as the 
structural integrity of the enzyme thus enhancing specific urease activity. Higher concentration of 
Ni2+ ions cause inhibition leading to dramatic drop of urease activity (Al-Thawadi 2008). Ni2+ ions 
are supplied in the form of NiCl2. 
NaOH is used to increase the initial pH to a desirable level.  
 
2.2.2. Fixation solution 
Calcium chloride is used to immobilise the bacteria.  
 
2.2.3. Reagent Solution 
Solution of Urea and Calcium chloride in equal molar ratio mixed with water are injected to initiate 
the biocementation process.  
 
2.2.4. Aggregate 
Quarry uniform sand, fine to medium grained (125-250µm). 
 
2.2.5. Water 
Tap water 
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Figure 2.5: Monitoring equipment 
(Image Source: van Paassen, 2009) 
 
2.3. Bioconcrete production 
All information on the production of bioconcrete is gathered from the biocementation of 1m3 of 
sand experiment performed by Van Paassen et al.  (2009). 
 
Parameters for biocementation: A multibox container measuring 0.9 x 1.1 x 1.0m was set-up with 
gravel drainage filters on the sides. These filters were covered by geotextile to prevent sand 
transport. This box was filled with 97% siliceous sand (obtained from a quarry in Itterbeck, 
Germany) and compacted by dropping the filled box several times with a forklift.  
 
 
 
   
 
 
 
   
 
 
 
 
 
 
2.3.1. Setup  
A) Injection method 
To uniformly supply the treatments, a spherical injection from a single point was set at the centre. 
The injection was a tube with perforated wall of 0.2mm slots. The top and bottom of the box and 
the tube to the injection (except the injection point) were impermeable. Four effluent tubes are 
placed at each bottom corner and connected together before the effluent pump and monitoring cell.  
The injection pressure rose gradually during the treatment to a maximum of 1 bar; and a constant 
flow rate was maintained from the centre of the box which drained along the sides.  
 
B) Monitoring method (during the process)  
The pressure of the treatments is monitored at the 
influent; and the electrical conductivity and pH are 
monitored at the effluents. The cell density is measured 
by the optical density (OD) where measurements in the 
outflow are subtracted from the inflow values. OD is 
measured using spectrophotometer at a wavelength of 
600nm. In absence of calcium ions, urease activity is 
measured by the solution conductivity, as urease reaction 
involves hydrolysis of non-ionic substrate to ionic 
products, thus increasing the conductivity proportionally. 
While in presence of calcium ions, urease activity is 
Figure 2.4: 1m3 Biocementation experimental setup 
(Image Source: van Paassen, 2009) 
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measured by the ammonium production rate. Ammonium concentration is determined by modified 
Nessler method. Calcium concentration is determined with a commercial cuvette test for water 
hardness.  
 
C) Testing method (after the process) 
Porosity is determined by comparing the wet and dry densities of cemented cube with those of the 
initial densities of untreated sand cube.  Permeability is directly related to hydraulic conductivity 
(K), and K can be measured by constant heat test. This hydraulic conductivity value is compared to 
the initial values of untreated sand box. 
 
2.3.2. Treatment 
MICP involves several sequential treatments during different phases of the biocementation process; 
these treatments have been summarised in Table 2.1. During all the phases a constant water level is 
maintained. Water is flushed through the entire cube: (i) before biocementation process- so as to 
remove any residual matter and compact the aggregates and; (ii) after biocementation process- to 
remove all dissolved products like the by-product NH4Cl. 
 
First the placement of bacteria prior to the biocementation is essential, to avoid clogging due to 
crystal accumulation at the injection point and to obtain a more homogenous distribution of CaCO3. 
The bacterial solution is injected till they are detected in the outflow, which can be visually 
observed by an increase in turbidity. To immobilise the bacteria within a fixation solution with high 
salt content is injected. This is supplied as one pore volume of CaCl2 solution. 
 
After the placement phase a reagent solution comprising urea and calcium chloride in equal molar, 
mixed with tap water to the desired concentration, were injected to initiate the biocementation 
process. This reagent solution was injected for 8 hours each day till desirable amount of ammonium 
is converted or CaCO3 are formed. 
 
PHASE TREATMENT RATE (L/h) VOLUME (L) 
Rinse Tap water is flushed through the 
entire volume.  
- 18 
Placement Bacterial suspension is injected 
first into the sand core. 
50 100 
Followed by 0.05 M CaCl2 
injection, a fixation fluid  50 40 
Biocementation Injection of reagent solution 
containing 0.5M urea and CaCl2 
40 4000 
Rinse Tap water is flushed through the 
entire volume. 
- 14 
Table 2.1: Summary of sequential treatments in biocementation process 
(Source: van Paassen 2009) 
 
 
After 40days, 4000L of reagent solution were flushed through in 16 batches and about 100 kg.m-3 
CaCO3 was formed inside the sand box. 
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2.4. Discussions 
Initially in van Paassen (2009) one cubic meter experiment several pressure drops during the flush 
were observed. Sand transporting wells appeared at the sand surface, indicating preferential flow 
paths, diverging from the ideal spherical injection. This problem was resolved by installing clay/ 
cement plugs which prevented leakage (van Paassen 2009). This indicates that the aggregate and 
the pressure of injection for each treatment solution used in bioconcrete influences the 
biocementation process and needs constant monitoring. Until an automated injection and 
monitoring system is devised, the method used in manufacturing bioconcrete is labour intensive as 
it involves manual inspection and sequential treatments.  
 
Generally ureolytic bacteria are procured from National Institutions that cultivate different micro-
organism. However, in Al- Thawadi’s case (2008), successful biocementation was achieved with 
strains collected from natural environments. Thus indicates the possibility of utilising indigenous 
ureolytic bacteria for biocementation.  
 
In Harkes et al.  (2008) 20 cm sand column experiment, bacteria and reagent solution were injected 
sequentially and unconfined compressive strength of 0.2 - 20 MPa, with correlating amounts of 
precipitated CaCO3 from 30 to 600kg m-3 were achieved. Contrastingly, Al-Thawadi’s experiment 
(2008) with reagent solution and YE medium supplement produced 23 MPa with just 340kg m-3 of 
precipitated CaCO3. The former experiment may not have been properly compacted or calcite 
crystals may not have fully formed, thus higher concentrations of CaCO3 were necessary to achieve 
a similar strength. Therefore, the latter experiment results will be considered for the remaining 
study.  
 
Bioconcrete can be crushed into aggregates and reused entirely to produce bioconcrete with smaller 
amounts of biocementation materials; as calcite crystals are already present, providing abundant 
nucleation sites for new calcite to precipitate and for bacteria to attach more easily (van Paassen 
2009). This concept of growth of new calcite crystals on already existing calcite has already been 
proven by Tiano et al.  (1999) in his research on Conservation of monumental stone. 
 
Also bioconcrete is sandstone but produced in a short time scale and having similar properties and 
composition (Stocks-Fisher et al.  1999), hence after the use phase it can be used as stone or 
construction blocks for new construction or if disposed in the environment would be non-toxic in 
nature. 
 
In urea hydrolysis reaction, for every carbonate ion two ammonium ions are simultaneously 
produced which may result in excessive environmental nitrogen loading (Jonkers et al.  2008). The 
potential environmental implications of the waste or by-products of biocementation via MICP using 
ureolytic bacteria has been assessed in the following. 
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Figure 3.1: Illustration of LCA phases 
3. Environmental Assessment of Bioconcrete 
 
This chapter is an attempt to investigate the potential environmental impacts of 
bioconcrete produced via MICP by ureolytic bacteria, through the Life-Cycle-
Assessment (LCA) framework. And to establish the major processes or phases that 
need to be reviewed to make it environment friendly. 
 
3.1. Approach: Life-Cycle-Assessment (LCA) 
To establish bioconcrete as a sustainable substitute for conventional concrete, the environmental 
consequences of this replacement have to be assessed. Life cycle assessment (LCA) is a 
methodology suitable for assessing the environmental implications of a product over its full life 
cycle. All LCA tools use the standard methodology in ISO 14040 (1997) developed by the 
International Organisation of Standardisation. It defines LCA as ‘a compilation and evaluation of 
the inputs, outputs and the potential environmental impacts of a product system throughout its life 
cycle’. The LCA framework has four phases illustrated in Figure 3.1 are (i) Goal and scope 
definition, (ii) Inventory Analysis, (iii) Impact assessment and; (iv) Interpretation.  
 
The program SimaPro 7 was used to translate all the 
inputs and outputs of bioconcrete to corresponding 
environmental impact categories, relating to the 
resource use, ecological areas and human health. It is 
one of the most commonly used LCA software. To 
analysis the inventory data (Section 3.3) of all 
materials used and processes involved; the Swiss 
EcoInvent, Franklin USA 98 databases were used. It is 
preferable to follow one database, however since 
bioconcrete is a relatively new material involving 
microbial processes certain materials or processes are 
not available. In such cases wherever possible an 
alternate substitute most closely resembling it is used. 
 
3.2. Goal and scope definition 
The goal has been defined above in the main objective of this chapter. Since bioconcrete via MICP 
by urea hydrolysis is not yet widely used; there is no commercial case specific application of it that 
can be considered. Hence, several estimations and assumptions are made based on various 
experiments conducted, to obtain a level of detail. 
 
3.3. Inventory Analysis  
3.3.1. System Boundaries  
The production of raw materials for bioconcrete including the raw materials for bacterial 
cultivation, the energy usage, and the transportation of materials to site is included in this 
assessment.  All transportation of raw materials is considered from their manufacturing location to 
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execution site. The flow diagram in Figure 3.2 summarises all the flows inputs from water, energy 
and raw materials to flow outputs to air, land and water; this is interpreted from the production 
process described in chapter 2.  
 
 
 
Since bioconcrete is still in its developmental stages, the use has been limited to plain cement 
concrete. Therefore, the type of construction and consequently the utilisation phase of the material 
have also been excluded from the LCA. The treatment or recycling of the waste or by-product at 
production phase is beneficial; however the processes to do so have not been taken into account in 
this study. Detail listings of the processes that have been included or excluded for bioconcrete and 
concrete have been stated in Table 4.1. 
 
3.3.2. Assumptions  
LCA is a quantitative analysis; however, wherever no data is available a qualitative approach is 
taken. Therefore, all assumptions made are summarised in Table 3.2. 
 
Bioconcrete 
Location To have a quantitative analysis, the construction site has been assumed to be located at 
Navi Mumbai (Central), India. 
Quality and 
type 
For basic applications strengths of 20 MPa is desirable, hence it is assumed that 
production of 340kg of CaCO3 is equivalent to it. 
Materials Maximum concentrations of yeast extract, NiCl2 and CaCl2 have been considered where 
no inhibition on biocementation process is observed. 
The substrates conversion to NH4Cl is assumed to be 100%. 
Bacteria cultivation has been excluded as it does not exist in the database; however, 
transportation has been included. 
Yeast Extract or alternative Corn steep liquor do not exist in the database; hence yeast 
paste a similar material has been used instead. 
Processes After the utilisation phase, it is assumed that 40% of the material will be recycled and 
reused; and 60% will be recycled into construction blocks. 
Table 3.2: Summary of the assumption made in LCA of Bioconcrete 
Figure 3.2: Flow Diagram of bioconcrete process 
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3.3.3. Background data 
The data presented is per m3 of plain bioconcrete of strengths up to 20 MPa (Functional unit). All 
manufacturers of the raw materials and suppliers of equipment closest to Navi Mumbai is identified 
and listed in Appendix A. Corresponding consumption and production of materials for one cubic 
meter of bioconcrete is summarised in Table 3.3. These amounts are estimated proportionally for 
340kg of CaCO3 (equivalent to 20 MPa) from the second 1m3 experiment conducted by van 
Paassen (2009).  The amount of water necessary for different treatments is estimated based on the 
5m experiment conducted by van Paassen (2009). For this region the indigenous ureolytic bacteria 
can be procured from the National Collection of Industrial Microorganisms (NCIM) at Pune, India.  
 
Used Produced 
Aggregate 
(kg) 
Urea    
(kg) 
CaCl2      
(kg) 
Water          
(m3) 
Bacterial suspension 
CaCO3   
(kg) 
NH4Cl      
(kg) 
Water  
(m3) NiCl2    (kg) 
NaOH   
(kg) 
NH4Cl  
(kg) 
YE        
(kg) 
Water    
(m3) 
1922.00 204.19 377.57 7.30 0.00013 0.33 1.00 2.50 0.10 340.00 363.74 7.18 
Table 3.3: Materials used and produced  in one cubic meter of bioconcrete (Calculations based on Al-Thawadi 
(2008) and van Paassen (2009) experiments)  
 
For transportation, it is assumed that the supplier for concrete shuttering is the same for bioconcrete 
shuttering; this includes the monitoring and injection equipment. Hence, the transportation will be 
shared and all distances will include the return of the equipment. The transportation of by-product 
NH4Cl to NH4Cl production factory is included. The distances and type of transportation have been 
calculated and summarised in Appendix A. 
 
The energy consumption at site is estimated from van Paassen (2009) experiment, which is based 
on the amount of m3 of treatment being pumped through the cube and the time for running the 
monitoring equipment. The electrical supplied is a mix of hydro power. 
 
3.3.4. SimaPro Inputs 
First, the assembly for 1m3 bioconcrete was defined; this included all the materials and processes. 
Later waste scenario for recycling and reuse of bioconcrete were defined. The production processes 
of ureolytic bacteria and NiCl2; and recycling processes of NH4Cl and bioconcrete into construction 
blocks are excluded as they were not available in the database. Detail inputs/outputs of assembly 
and waste scenario in SimaPro program is shown in Appendix B. 
 
3.4. Impact Assessment 
The Life Cycle Impact Assessment (LCIA) has different methods which define impact categories 
related to the environmental interventions and category indicators. The qualified and quantified 
environmental interventions in the inventory analysis are assigned on a qualitative basis to the 
selected categories.  
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Figure 3.4: Network for Bioconcrete, with 60% recycling into construction blocks and  
40% recycling into aggregates to re-produce bioconcrete. 
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3.4.1. Method 
Eco-Indicator 99 method developed by Pre Consultants has been used to indicate the environmental 
impacts of this material. This method is developed on a damage model, which link the inventory 
results to the three damage categorises:  
(i) Human health: contains the idea that all human beings, in present and future, should be 
free from environmentally transmitted illnesses, disabilities or premature deaths. 
(ii) Ecosystem quality: contains the idea that non-human species should not suffer from 
disruptive changes of their populations and geographical distribution.  
(iii) Resources: contains the idea that the nature’s supply of non-living goods, which are 
essential to the human society, should be available also for future generations. 
 
The general procedure for calculations of Eco-indicator is illustrated in Figure 3.3. For LCA study 
of Bioconcrete Hierachist prespective is used. This method, damage categories and impact 
categories is described in Appendix C. 
 
 
 
 
 
3.5. Results  
3.5.1. Single score  
Figure 3.4 illustrates the Network for bioconcrete, with 60% recycling into construction blocks and 
40% recycling to re-produce bioconcrete. The left bottom corner in each box indicates the impact 
values.  Thickness of the red arrows indicates the degree of impact caused by the process. 
 
Figure 3.3: General procedure for the calculations of Eco-indicators.  
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Figure 3.5: Weighting Bioconcrete LCA with Eco-Indicator 99 (H) 
Analizando 1 p 'LCA of 1m3 bioconcrete';  Método: Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A / Ponderación
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Figure 3.5: Single score of Bioconcrete LCA with Eco-Indicator 99 (H) 
Figure 3.5 shows the total environmental impact caused by bioconcrete throughout its life cycle 
during the Production phase and after Use or Demolition phase. The latter phase has a positive 
impact.  
 
After normalisation and weighting Figure 3.5 shows the environmental impacts caused by 
bioconcrete throughout its life cycle translated into the various impact categories. The highest 
impacts are due to fossil fuel consumption and the production of respiratory inorganics. No 
production of respiratory organics, no radiation and no damage to the ozone layer are caused by 
Bioconcrete. 
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Analizando 1 p '100L bacterial suspension';  Método: Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A / Puntuación única
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Figure 3.7: Weighting the inputs in Bioconcrete production with Eco-Indicator 99 (H) 
 
After weighting the materials and processes of bioconcrete, Figure 3.6 indicates the major 
contributors to the above mentioned impacts. The production of urea has the highest impact among 
all the inputs in bioconcrete. Its main damage is in fossil fuels, respiratory inorganics and climate 
change categories. The production of CaCl2 too adds a small amount of impact to these categories. 
 
Figure 3.7 shows the breakup of the impacts caused by the materials and processes involved in the 
production of bacterial suspension. Transportation contributes to the majority of the environmental 
impacts. 
Figure 3.6: Weighting the inputs in Bioconcrete production with Eco-Indicator H 
Analizando 1 p '1m3 Bioconcrete';  Método: Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A / Puntuación única
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3.6. Interpretation 
Table 3.4 shows the contribution in percentage of each process with respect to the total amount of 
environmental impact and states the highest impact categories they contribute to. 68% of the total 
environmental impact is contributed solely by the production of urea. Among the remaining 20% is 
contributed by the production of CaCl2.  Productions of aggregate, water and electricity have the 
least impacts. All Impact assessment calculations of bioconcrete’s LCA is attached in Appendix D. 
 
Processes Percentage of 
score 
Major Impact 
categories 
Percentage of Impact 
category 
Aggregate Production  0.44 - - 
Water  0.02 - - 
100L bacterial 
suspension Production 
 5.00 
Fossil fuel 
Respiratory Inorganics 
3 
1 
Calcium chloride 
Production 
19.51 
Respiratory Inorganics 
Fossil fuel 
Climate Change 
8 
3 
2 
Urea Production 68.08 
Fossil fuel 
Respiratory Inorganics 
Climate Change 
39 
12 
4 
Transportation   6.94 
Fossil fuel 
Respiratory Inorganics 
4 
1 
Electricity        0 - - 
Table 3.4: Detail contribution of the different processes to the total environmental impacts 
 
Among all the environmental impact categories the major impacts are 56% due to fossil fuel 
consumption, 25% due to emissions of respiratory inorganics and 7% due to production of 
greenhouse gases leading to climate change. Refer to Table 3.5 for further environmental impacts in 
the remaining categories.  
 
Impact Category Percentage of score 
Carcinogens   2.25 
Resp. organics   0.02 
Resp. inorganics 24.88 
Climate change 
  7.26 
Radiation   0.08 
Ozone layer        0 
Ecotoxicity   3.18 
Acidification/ Eutrophication   3.01 
Land use   1.19 
Minerals   1.79 
Fossil fuels 56.33 
Table 3.5: Percentages of Environmental impacts caused by 
bioconcrete (LCA) for each impact category 
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3.7. Discussions 
During the biocementation process, by-product NH4Cl is produced, it is an organic salt that 
dissolves in water (Eqn. 9). This by-product needs to be collected and recycled after the process; or 
else if mingled with local water bodies or groundwater in excessive concentrations of ammonium 
and chlorine could lead to eutrophication and salinization respectively (Suer et al.  2009).  
 
 
The production of NH4Cl is a huge industry due to its numerous applications, for instance: (i) Use 
of it as a nitrogen source in biology and agriculture to produce fertilizers; feed for cattle…, (ii) in 
pyrotechnics as an ingredient for fireworks and safety and contact explosives, (iii) in dyeing, 
tanning and printing textile, and to lustre cotton, (iv) as a expectorant in cough medicine and many 
others too, (v) as a food additive and (vi) as a flux in preparing metals to be tin coated, galvanised 
and soldered (Wikipedia) . Hence, this NH4Cl can be separated dry by distillation and supplied for 
any of the above purposes.   
 
The largest environmental impact contributors in bioconcrete are the biocementation materials, 
which are urea and CaCl2. In this study these materials are considered to be produced primarily for 
bioconcrete. However, there exists the possibility of acquiring urea from the natural environment. 
Humans, like many other mammals and amphibians excrete liquid by-product urine, which contains 
urea concentration of 9g L-1 (Wikipedia). And on average humans produce 25g of urea per day. 
Considering a technique is devised to collect urine from the public urinals and with minimal 
treatment, urea with other smaller concentrations of salts can be used for biocementation. The 
complementary salts present in urine will have the same inhibitory affects as CaCl2 or NaCl as 
mentioned by van Paassen (2009).  
 
In this LCA the production process of CaCl2 is considered to be Solvay process method, however 
even though CaCl2 is the principal by-product by this process, the database includes the raw 
materials, energy and infrastructure.  Solvay process is the major industrial process for the 
production of soda ash or sodium carbonate (Na2CO3). Na2CO3 is used to make glass (soda lime 
glass) which is mainly used to make windowpanes and glass containers (bottles and jars). In India 
this by-product is many times discharged directly in to sea (Wikipedia). So the use of CaCl2 
obtained from the Solvay process would have a much lower impact.  
 
Wastewater can be used instead of yeast extract as a protein source (Whiffin 2004); considering that 
the technology is available for the treatment of this water in order to remove particulate matter 
which may hamper by plugging the pores. This can consequently reduce the use of water in 
bacterial suspension. 
 
Further research needs to be conducted focussing on the environmental impacts of the above 
mentioned possible alternatives. 
 
           
 
NH4Cl (s) +  H2O (l)             NH4+ (aq) + Cl- (aq)   + H2O (l)  (9)  
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4. Comparative Life-Cycle-Assessment  
 
The main objective of this chapter is compare bioconcrete with concrete by means of 
LCA, in order to determine whether bioconcrete is a sustainable substitute for 
concrete or not. 
 
4.1. Goal and scope definition 
The goal of this study is to determine the environmental impacts of bioconcrete and concrete; and 
compare the results to determine which processes or phases have the highest impact. And finally to 
determine which of the two materials are more environment friendly. Due to time restriction the 
possible alternatives suggested in chapter 3 (Section 3.7) to reduce the environmental impact of 
bioconcrete could not be assessed to determine if they have a lower environmental impact or not. 
And hence, are not considered in this comparative study.  
 
4.2. Inventory Analysis  
4.2.1. System Boundaries  
The system boundaries with respect to bioconcrete are defined in chapter 3 (Section 3.3.1).  
Similarly for concrete, the production of ready mix concrete with necessary raw materials, energy 
usage and transportation to site is included in this assessment.  
 
All processes that are identical for the bioconcrete and concrete are excluded from the study. Also 
the mode of application is not taken into account, as bioconcrete is yet to define a definite industrial 
method. The flow diagrams for bioconcrete and concrete are illustrated in Figure 3.2 and Figure 4.1 
respectively. They summarise all the flows inputs from water, energy and raw materials to flow 
outputs to air, land and water.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 4.1: Flow Diagram of concrete process 
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Table 4.1 lists in detail all the processes that are included or excluded in the environmental impact 
assessment. 
Phases Items Bioconcrete Concrete 
Extraction Ingredients for raw materials    
Main raw material - - 
Pre-Production Main raw material (Including ingredients 
for bacterial suspension  in bioconcrete)   
Injection/ Mixing Equipment    - 
Raw material for shuttering   
Production Treatment / Mixing   
Monitoring   - 
Material Testing    
Curing -  
Use Maintenance   
Demolition/ Disposal Treatment / Recycling / Landfill   
Table 4.1: List of processes included and excluded from the assessment  
 
4.2.2. Assumptions 
All assumptions made for bioconcrete are described previously in chapter 3 (Section 3.3.2).  The 
assumptions made for concrete are summarized in Table 4.2. 
 
Concrete 
Location To have a fair comparison the same site location as bioconcrete is assumed.  
Quality and 
type 
Similarly concrete of 20 MPa strength is considered and with water / cement ratio 
approximately of 0.6 to 0.7. 
Use of Ready Mix Concrete  
Materials No addition of any admixtures. 
Processes After the utilisation phase, it is assumed that 40% of the material will go to landfills; and 
60% will be recycled into aggregates. 
Table 4.2: Summary of the assumptions made in LCA of Concrete 
 
4.2.3. Background data 
For an unbiased comparative assessment, same strength properties of either material are considered. 
In both cases the data is presented in m3 of plain cement concrete (functional unit). Corresponding 
consumptions of raw materials for a standard cubic meter are summarised in Table 3.3 and Table 
4.3. All manufactures and suppliers closest to the site at Navi Mumbai are listed in Appendix A, 
this includes the mode of transportation and distances to and fro site (wherever needed). Energy 
consumption for production of ready mix concrete and demolition after utilisation phase are 
estimated from Sjunnesson (2005) masters’ thesis.  
 
Ready Mix Concrete Curing 
Sand    
(kg) 
Coarse aggregate    
(kg) 
Cement  
(kg) 
Water          
(m3) 
Water 
(m3) 
801.00 1522.00 320.00 0.22 0.16 
Table 4.3: Materials used in one cubic meter of concrete  (Data Source: HIA 2009)  
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4.2.4. SimaPro Inputs 
Description for bioconcrete assembly and waste scenario is stated in chapter 3 (Section 3.2.4). 
Similarly the assembly for 1m3 concrete was defined; this included all the materials and processes. 
Later waste scenario for recycling and disposal of concrete were defined. Detail inputs/outputs of 
assembly and waste scenario in SimaPro software are shown in Appendix B. 
 
4.3. Impact Assessment 
The Eco-Indicator 99 method is used for the life cycle impact assessment. This method is 
previously described in chapter 3 (Section 3.3). 
 
4.4. Results (Single Score) 
4.4.1. Single score – Bioconcrete 
All results of the LCA of bioconcrete are previously stated in chapter 3 (Section 3.5). 
 
4.4.2. Single score – Concrete 
Figure 4.2 illustrates the network of concrete, with 60% recycling into aggregate and remaining 
40% directed to landfills.  The left bottom corner in each box indicates the impact values.  
Thickness of the red arrows indicates the degree of impact caused by the process. 
 
 
 
 
 
Figure 4.2: Network for Concrete, with 60% recycling into aggregate and 40% to landfills  
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Analizando 1 p 'LCA of 1m3 concrete';  Método: Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A / Puntuación única
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Figure 4.3: Single score of Concrete LCA with Eco-Indicator 99 (H) 
Figure 4.3 shows the total environmental impact caused by concrete throughout its life cycle, 
during the production and after-use or Demolition phase. The latter phase has a higher 
environmental impact, mainly in Carcinogens, Ecotoxicity and Climate change categories. The 
production phase has a high impact too but mainly in Fossil fuel, Respiratory Inorganics and 
Climate change categories. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
After normalisation and weighting Figure 4.4 shows the environmental impacts caused by concrete 
throughout its life cycle translated into the various impact categories. The highest impacts is in the 
same category as bioconcrete (refer to chapter 3 - Section 3.5) that is Fossil fuel.  Other major 
impacts are in Carcinogens and Ecotoxicity categories.  
Figure 4.4: Weighting Concrete LCA with Eco-Indicator 99 (H) 
Analizando 1 p 'LCA of 1m3 concrete';  Método: Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A / Ponderación
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Figure 4.5 shows the inputs of concrete after weighting, to indicate the major contributors to the 
above mentioned impacts. Transportation has the highest impact among all the inputs in concrete. 
Its main damage is in fossil fuels category and partly in respiratory inorganics and climate change 
categories. Similarly Portland cement contributes to the same categories as transportation but in 
smaller amounts.  
 
 
4.5. Results (Comparison of Single scores) 
4.5.1. Life Cycle Assessment 
Figure 4.6 shows the total environmental impact caused by both the materials during their life span. 
It shows that concrete has a higher impact, which is double that of bioconcrete. 
Figure 4.5: Single score of Concrete production with Eco-Indicator 99 (H) 
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Figure 4.6: Single scores of Bioconcrete LCA and Concrete LCA with Eco-Indicator 99 (H) 
Comparando 1 p 'LCA  of 1m3 bioconcrete ' con 1 p 'LCA of 1m3 concrete ';  Método: Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A / Puntuación única
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Figure 4.7 shows the total impact produced in each impact category by both the materials. No 
production of respiratory inorganics, no radiation and no damage to the ozone layer are caused by 
both the materials. The highest impact is caused by concrete due to fossil fuel consumption, 
emissions of carcinogenic substances and production of toxic substances. Bioconcrete also uses 
high amounts of fossil fuel. 
Among the impact categories bioconcrete has higher impacts in Respiratory Inorganics, 
Acidification/Eutrophication, Land-use and Mineral categories. Refer to Figure 4.8 for Damage 
assessment for every impact category. 
Figure 4.7: Comparison and Weighting of Bioconcrete LCA (■) with Concrete LCA (■) with Eco-Indicator 99 (H) 
Comparando 1 p 'LCA of 1m3 bioconcrete' con 1 p 'LCA of 1m3 concrete';  Método: Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A / Ponderación
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Figure 4.8: Damage Assessment in each impact category of Bioconcrete LCA (■) with Concrete LCA (■) 
with Eco-Indicator 99 (H) 
Comparando 1 p 'LCA of 1m3 bioconcrete' con 1 p 'LCA of 1m3 concrete';  Método: Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A / Evaluación del daño
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4.5.2. Production Phase 
In Figure 4.9 bioconcrete is compared to concrete during the production phase, and it can be 
observed that bioconcrete has a much higher amount of environmental impact. 
 
 
After weighting, Figure 4.10 shows the production processes of both the materials side-by-side into 
the every impact category. It can be observed that both the materials have highest impacts in the 
same categories: Fossil fuel, Respiratory inorganics and Climate change. However, Figure 4.11 
shows that the higher environmental impacts in all categories are caused by bioconcrete production 
process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: Comparison and Weighting Bioconcrete production (■) with Concrete production (■)  
with Eco-Indicator 99 (H) 
Comparando 1 p '1m3 Bioconcrete' con 1 p '1m3 concrete';  Método: Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A / Ponderación
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Figure 4.9: Single scores of overall Bioconcrete production (■) with Concrete production (■) with Eco-Indicator 99 (H) 
Comparando 1 p '1m3 Bioconcrete' con 1 p '1m3 concrete';  Método: Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A / Puntuación única
Carcinogens Resp. organics Resp. inorganics Climate change Radiation
Ozone layer Ecotoxicity Acidification/ Eutrophication Land use Minerals
Fossil fuels
1m3 Bioconcrete 1m3 concrete
P
t
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10
5
0
  Chapter 4- Comparative Life-Cycle-Assessment  
Bioconcrete- A Sustainable Substitute for Concrete? 31 
 
 
4.6. Interpretation  
The main contributors to environmental impacts in bioconcrete are urea and calcium chloride and in 
concrete transportation and Portland cement (Refer Table 4.4). All Impact assessment Calculations 
of both the materials LCA’s are attached in Appendix D. 
 
Material Processes Percentage of score 
Bioconcrete 
Aggregate Production 0.44 
Water 0.02 
100L bacterial 
suspension Production 
5.00 
Calcium chloride 
Production 
19.51 
Urea Production 68.08 
Transportation  6.94 
Electricity       0 
 
Concrete 
Water 0.01 
Fine aggregate 0.32 
Coarse aggregate 0.77 
Cement Production 10.52 
Transportation 88.38 
Electricity   0.01 
Table 4.4: Contributions in percentage of the processes to the total 
amount of environmental impacts for both the materials. 
 
 
Figure 4.11: Damage assessment in each impact category of Bioconcrete production (■) with Concrete production (■) 
with Eco-Indicator 99 (H) 
Comparando 1 p '1m3 Bioconcrete' con 1 p '1m3 concrete';  Método: Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A / Evaluación del daño
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Table 4.5 shows the specifications of the three largest impact categories of the main contributors to 
the total amount of environmental impact of both the materials. These percentages are relative to 
each material, hence cannot be compared with each other. 
 
Material Processes Major Impact categories  Percentage of score 
Bioconcrete 
Urea Production  
Fossil fuel 
Respiratory Inorganics 
Climate Change  
39 
12 
  4 
Calcium chloride 
Production 
Respiratory Inorganics 
Fossil fuel 
Climate Change 
  8 
  3 
  2 
 
Concrete 
Transportation  
Fossil fuel 
Respiratory Inorganics 
Climate Change  
31 
  8 
  4 
Cement Production 
Fossil fuel 
Respiratory Inorganics 
Climate Change 
  2 
     1.5 
  1 
Table 4.5: Largest three impact categories of the main contributors to the total amount of 
environmental impacts for both the materials. 
 
 
4.7. Discussions 
Impacts due to use of electricity and water are negligible for both the materials. Transportation also 
has a minimal impact for bioconcrete; however, in concrete it is the key cause of impact. If the key 
causes of both the materials are analysed, it can be noted that for bioconcrete the high impact 
contributors have a possible alternative as suggested in chapter 3 (Section 3.7), but in the case of 
concrete it is because of the large distances for transportation of cement that is involved.  
 
For both the materials the highest environmental impact is in Fossil fuel category. This LCA is 
based on the production and after use phases only, with a single waste scenario. The total 
environmental impact of concrete in these two phases is double that of bioconcrete. This is due to 
the limited reuse or recycling of concrete after its use. As discussed in chapter 2 (Section 2.4) 
bioconcrete can be recycled into construction blocks as it is a porous materials that can be easily cut 
and recycled into aggregate to re-produce bioconcrete as having a coat of CaCO3 on the aggregates 
is advantages for the biocementation process.  
 
On the other hand in production phase, the material with higher environmental impact is opposite; 
that is bioconcrete has nearly 37% higher impact than concrete. Concrete is known to have an 
average life-span of 50 years, while for bioconcrete it is still unknown (as no research has 
investigated the durability of this material). Hence, depending on the life-span of bioconcrete the 
impact percentage will defer. 
 
  Chapter 1- Introduction   
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5. Conclusions 
 
In this dissertation the possibility of Bioconcrete as an alternate substitute to concrete has been 
studied. Hence, its feasibilities as a construction material, a sustainable material and as an 
alternative to concrete were analysed.  
 
5.1. As a construction material 
The use of biocementation through MICP with ureolytic bacteria for variety of applications seems 
to be a compatible alternative to cement. In particular this method used for consolidation of sand 
(aggregate) and the attainable strengths, make it a practicable alternative to concrete. Bioconcrete is 
being commercialised on a small scale for moulded products, bricks or blocks and instant 
pavements. However, at large scales uniform distribution of strengths is yet to be mastered.  
 
No investigation has been carried out so far to check the durability of this material. However, if 
problems do appear in the future, some of the applications of MICP are that of crack remediation 
and self-healing of existing concrete. Therefore, the possibility of healing future damages in 
bioconcrete. 
 
5.2. As a sustainable material  
The largest impacts are due to Fossil fuel consumption, which is mainly caused by urea production. 
An alternate possibility to this material would be urine - a waste product, with minimal treatment it 
can be a good source of urea for biocementation.  
All the raw materials can be easily acquired locally, hence having a minimal impact. Also exist the 
possibility for many of its major raw materials like urea to be acquired from waste products and by-
products from other industrial processes.  
 
The only potential drawback is the by-product ammonium chloride produced by this method, as if 
mingled with local water bodies or groundwater in excessive amounts of ammonium leads to 
eutrophication and chlorine leads to salinization. Hence, it is essential to collect and treat NH4Cl 
after the process. With minimal treatment this can be supplied to the huge existing industry. 
 
Bioconcrete can be crushed into aggregates and reused entirely to produce bioconcrete with smaller 
amounts of biocementation materials. Also due to its high porosity property it can be easily cut and 
used as construction or pavement blocks.   
 
5.3. As an alternative to concrete  
By means of an LCA the environmental impact of bioconcrete is proven to be half that of concrete, 
even though the production of the inputs in bioconcrete are double that of concrete. This is mainly 
due to the possibility of bioconcrete being able to be recycled and re-used to produce bioconcrete 
hence forming a closed loop by closing its cycle.  
     
Bioconcrete- A Sustainable Substitute for Concrete? 34 
6. References 
 
• Al-Thawadi, S.M. (2008). High Strength In-Situ Biocementation of Soil by Calcite 
Precipitating Locally Isolated Ureolytic Bacteria [Ph.D. thesis]. Perth, Western Australia, 
Mudroch University. 264p. 
 
• Bang, S.S.; Galinat, J.K.; Ramakrishnan, V. (2001). Calcite Precipitation Induced by 
Polyurethane-Immobilized Bacillus pasteurii. Enzyme and Microbial Technology 28 (4-5): 
404-409p 
 
• Benyus J. (2005) Biomimicry: Innovation inspired by Nature. 320p 
 
• Castanier, S.; Le Metayer-Levrel, G.; Perthuisot, J. (1999). Ca-carbonates precipitation 
and limestone genesis—the microbiogeologist point of view. Sedimentary Geology 126, 9–
23p. 
 
• Ciment Catala (2007). Cement and Environment 
http://www.catalcement.eudata.be/epub/easnet.dll/ExecReq/Page?eas:dat_im=001C5A&ea
s:template_im=001CBC 
 
• Cochez, E;  Wouter, N (2010). Cement Production. IEA ETSAP Technology brief 103, 8p 
 
• Crow, J. M (2008). The concrete conundrum. Chemistry World 62-66p 
 
• DeJong, J.T.; Mortensen, B.M.; Martinez, B.C.; Nelson D.C. (2008). Bio-mediated Soil 
Improvement. Ecological Engineering 36: 197-210p 
 
• Deltares:  Salemans, J.W.M.; Blauw M. (2010) Life cycle Analysis for four different ground 
improvement techniques. Reference 1201072-003-OA-0001. 68p 
 
•  De Muynck, W.; Debrouwer, D.; DeBelie, N.; Verstraete, W. (2008) Bacterial carbonate 
precipitation improves the durability of cementitious materials. Cement and Concrete 
Research 38: 1005–1014p 
 
• De Muynck, W.; Debrouwer, D.; DeBelie, N.; Verstraete, W. (2010) Microbial carbonate 
precipitation in construction materials: A review. Ecological Engineering 36: 118–136p 
 
• ECRA - European cement research academy (2009) Development of state of the art-
techniques in cement manufacturing: try to look ahead. Dusseldorf, Geneva.  CSI/ECRA-
Technology papers: 99p 
 
• Fujita, Y.; Ferris, F.G.; Lawson, R.D.; Colwell, F.S. and Smith, R.W. (2000). Calcium 
Carbonate Precipitation by Urolytic Sunsurface Bacteria. Geomicrobiology Journal 17 (8-
9); 1381-1387p 
 
     
Bioconcrete- A Sustainable Substitute for Concrete? 35 
• Hammes, F.; Verstraete, W. (2002). Key roles of pH and calcium metabolism in microbial 
carbonate precipitation. Reviews Environmental Science and Biotechnolgy.1: 3–7. 
 
• HIA- Housing Industry Association (2009) Building materials and products  
http://hia.com.au/hia/content/Builder/region/National/classification/Building%20and%20Pl
anning%20Services/Building%20Products%20and%20Materials/page/1/article/IS/BPS/NA
T%20Small%20quantities%20of%20hand%20mixed%20concrete.aspx 
 
• Jonkers H.M. (2007). Self healing concrete: a biological approach. In S.vander Zwaag(ed.) 
Self healing materials–An alternative approach to 20 centuries of materials science. 
Springer, The Netherlands.195–204 p 
 
• Jonkers H.M. (2009) Bioconcrete-Green Inside. Delft University of Technology 
 
• Ramachandran, S. K.; Ramakrishnan, V., Bang, S.S. (2001). Remediation of concrete using 
micro-organisms. ACI Mater. J. 98, 3–9.  
 
• Ramakrishnan, V.; Panchalan, R.K.; Bang, S.S. (2001). Improvement of concrete durability 
by bacterial mineral precipitation. 6p 
 
• Sarda, D; Choonia, H.S.; Sarode, D.D.; Lele, S.S. (2009) Biocalcification by Bacillus 
pasteurii urease: a novel application. J Ind Microbiol Biotechnol 36: 1111–1115p 
 
• Sjunnesson, J. (2005) Life Cycle Assessment of Concrete [Masters’ thesis].  Lund Sweden, 
Lund University. 61p. 
 
• Stocks-Fischer, S.; Galinat J.K.; Bang S.S. (1999). Micro biological precipitation of 
CaCO3. Soil Biology and Biochemistry 31: 1563–1571p. 
 
• Suer, P.; Hallberg, N.; Carlsson, C.; Bendz, D.; Holm, G. (2009).  Biogrouting compared to 
Jet grouting: Environmental (LCA) and economical assessment. Journal of Environmental 
Science and Health Part A, 44: 346-353p 
 
• Tiano, P.; Biagiotti, L.; Mastromei, G. (1999). Bacterial Bio-mediated Calcite Precipitation 
for Monumental Stones Conservation: Methods of Evaluation. Journal of Microbiological 
Methods 36: 139-145p 
 
• Van Paassen, L.A. (2009). Biogrout- Ground Improvement by Microbially Induced 
Carbonate Precipitation [Ph.D. thesis]. Delft, The Netherlands, Delft University of 
Technology. 195p.  
 
• Whiffin, V.S. (2004). Microbial CaCO3 precipitation for the Production of Biocement 
[Ph.D. thesis].  Perth, Western Australia, Mudroch University. 154p. 
 
 
  
     
Bioconcrete- A Sustainable Substitute for Concrete? i 
Appendix A 
 
Information on manufacturers and suppliers for various materials and equipment closest to Navi 
Mumbai; this includes corresponding transportation details. 
 
Material Manufacturer/ Suppliers 
Distance       
(km) 
Transport 
Type 
Urea manufacturer 
All  Drug Supply Co. 
36* Lorry 7.5-16t 2/22, Earth House, Off Babu Genu Road, 
Princess Street, Mumbai, Maharashtra, 
400002 
Calcium chloride  
manufacturer 
Lakshita Chemicals. 
11 Lorry 7.5-16t 103 A, Plot No. 62, Sector 14, 
Koparkharane,Navi Mumbai, 
Maharashtra, 400709 
Ammonium Chloride 
Production (Recycle) 
Akash Purochem Private Limited 
20 Lorry 7.5-16t No. 1/3, Kandhari Colony, 2nd Road, 
Chembur East, Mumbai, Maharashtra,  
400 071. 
Ammonium Chloride  
manufacturer 
All India Drug Supply Co. 
2/22, Earth House, Off Babu Genu Road,  
Mumbai, Maharashtra, 400002 
36* Lorry 7.5-16t 
Nickel chloride  
manufacturer 
B R Steel Products Private Limited 
 
Lorry 3.5-7.5t C-39 B & C Plot, TTC Industrial Area, 
Mahape Navi Mumbai Maharashtra  
Yeast extract  
manufacturer 
Jeevan Chemicals & 
Pharmaceuticals 
No.C- 431, TTC Industrial Area, Turbhe  
Navi Mumbai Maharashtra, 400 705 
7 Lorry 3.5-7.5t 
Ureolytic Bacteria   
National Collection of Industrial 
Microorganisms  120 Van < 3.5t 
Dr. Homi Bhabha Road, Pune, 
Maharashtra, 411 008 
Water Supplied by tankers - - 
Aggregate  Standard radius from extraction sites 30 Lorry 7.5-16t 
Cement   
manufacturer           
(ACC limited )   
Chanda Cement Works  
785 Lorry 7.5-16t 
Cementnagar, Dist Chandrapur 
Maharashtra, 442 502  
Wadi Cement Works 
Wadi Dist Gulbarga (Central Rly) 
Karnataka, 585 225 
Admixtures  
manufacturer 
Sigma Waterproofing & 
Construction Chemicals 10 Lorry 7.5-16t 
15, Tirupati Corner, Sector 12, Kharghar 
Navi Mumbai Maharashtra, 410210 
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Equipment Manufacturer/ Suppliers 
Distance             
to & fro (km) Transport Type 
Bioconcrete Shuttering, 
monitoring and 
injection equipment  
suppliers 
Assuming the same supplier as 
concrete shuttering 
44* Lorry 7.5-16t 
Concrete Shuttering 
suppliers 
Navratna Rolling Shutters & 
Engineering Works 
44 Lorry 7.5-16t Plot No 237, 7/A, Amar Estate, Sion 
Trombay Road, Chembur, Mumbai, 
Maharashtra 
Ready mix concrete 
Godrej & Boyce Manufacturing 
Company Limited 
25 - Plant -25, Construction Division, 
RMC Plant, Pirojshanagar, 
Vikhroli (W), Mumbai - 79 
   
     
Figure B.1: Assembly in SimaPro for 100L bacterial suspension  
Figure B.2: Assembly in SimaPro for 1m3 Bioconcrete  
Appendix B 
 
Figure B.1, B.2 and B.3 specify the input/output for bioconcrete and concrete assemblies in 
SimaPro.  These include the materials and processes for production of one cubic metre.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.3: Assembly in SimaPro for 1m3 Concrete  
     
Appendix C 
 
Eco-Indicator 99 Methodology  
 
General Framework 
Definition of the term environment chosen in this methodology:  
A set of biological, physical and chemical parameters influenced by man, that are 
conditions to the functioning of man and nature. These conditions include Human 
Health, Ecosystem Quality and sufficient supply of Resources. 
 
Below Figure illustrates the general framework of this methodology.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This methodology has three Archtypes, as modelling uncertainties cannot be expressed as a range; a 
model assumption is correct or not. In order to cope with these uncertainties a system, referred to as 
Cultural Theory has been used to separate three versions of the damage model. Below table 
indicates a simplified characterisation of the Archtypes, using just three criteria: 
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Below is the description of the three damage categories.  
 
1. Human Health   
Unit: DALY= Disability adjusted life years; this means different disability caused by diseases are 
weighted. A damage of 1 means one life year of one individual is lost, or one person suffers four 
year from a disability with a weight of 0.25. 
 
The health of any human individual, being a member of the present or a future generation, may be 
damaged either by reducing its duration of life by a premature death, or by causing a temporary or 
permanent reduction of body functions (disabilities). According to current knowledge, the 
environmental sources for such damages are mainly the following: 
• Infectious diseases, cardiovascular and respiratory diseases, as well as forced displacement 
due to the climate change. 
• Cancer as a result of ionising radiation 
• Cancer and eye damages due to ozone layer depletion. 
• Respiratory diseases and cancer due to toxic chemicals in air, drinking water and food. 
 
2. Ecosystem Quality   
Unit: PDF*m2yr, PDF= Potentially Disappeared Fraction of plant species. A damage of one means 
all species disappear from one m2 during one year, or 10% of all species disappear from 10m2 
during one year, or 10% of all species disappear from 1m2 during 10years.  
 
Ecosystems are very complex, and it is very difficult to determine all damages inflicted upon them. 
An important difference with Human Health is that even if we could, we are not really concerned 
with the individual organism, plant or animal. The species diversity is used as an indicator for 
Ecosystem Quality. We express the ecosystem damage as a percentage of species that are 
threatened or that disappear from a given area during a certain time. 
 
• Ecotoxicity 
This method determines the Potentially Affected Fraction (PAF) of species in 
relation to the concentration of toxic substances. This is determined on the basis 
of toxicity data for terrestrial and aquatic organisms. 
 
• Acidification and Eutrophication 
For acidification and eutrophication, we cannot use the PAF concept directly, 
since damage from acidification and eutrophication is caused by an entirely 
different and complex biochemical mechanism. Instead, we will have to look at 
observed effects from acidification and eutrophication on plants. This is 
translated for this project into Potentially Disappeared Fraction (PDF). For 
acidification NOx, SOx and NH3 deposition effects and for eutrophication 
nutrients are nitrogen (N) and phosphors (P). It is not possible to determine 
whether damage was caused by nutrients or acidity, therefore these are 
combined. The basis is: targeted species that should occur on a specific type of 
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ecosystem if there would have been no man-made changes in the nutrient level or 
the acidity. 
 
• Land use 
Four land use; the PDF is also used as indicator. In this case however, target 
species are not considered but all species. The damage model is rather complex, 
as four different models are needed:  
– Local effect of land occupation.  
– Local effect of land conversion.  
– Regional effect of land occupation.  
– Regional effect of land conversion. 
The local effect refers to the change in species numbers occurring on the 
occupied or converted land itself, while the regional effect refers to the changes 
on the natural areas outside the occupied or converted area. 
 
3. Resources   
Unit: MJ surplus energy = Additional energy requirement to compensate lower future ore grade. A 
damage of 1 means that due to certain extraction further extraction of this resources in the future 
will require one additional MJ of energy, due to the lower resource concentration, or other 
unfavourable characteristics of the remaining reserves. 
 
Only mineral and fossil fuels are modelled. The use of agricultural and silvicultural biotic resources 
and the mining of resources such as sand and gravel, are considered to be adequately covered by the 
effects on land use.  Eco-indicator 99 does not consider the quantity of resources as such, but rather 
the qualitative structure if resources, thus the concentration of a resource as the main element of 
resource quality. 
 
The impact categories used in this assessment: 
• Acidification  
Impacts of acidifying pollutants can have impacts on soil, groundwater, surface waters, 
biological organisms, ecosystems and materials. SO2, NOx and NHx are the most abundant 
acidifying pollutants.   
• Eutrophication   
Eutrophication covers all impacts of excessively high environmental levels of 
macronutrients. The most important nutrients are nitrogen (N) and phosphors (P). The 
problem of nutrient enrichment is that it may cause a shift in species composition, which is 
undesirable. Furthermore, it can elevate biomass production in both aquatic and terrestrial 
ecosystems and high nutrient concentrations can make surface waters unacceptable as a 
source of drinking water.   
  
• Carcinogens  
This category covers the effect of emissions of carcinogenic substances to air, water and 
soil.    
     
Bioconcrete- A Sustainable Substitute for Concrete? vii 
• Climate change (Greenhouse)  
Climate change is defined as the effect of human emissions on the heat radiation absorption 
of the atmosphere. Most of these emissions enhance the absorption, causing the 
temperature at the earth’s surface to rise. This is commonly known as the ‘greenhouse 
effect’. The most abundant naturally occurring greenhouse gas is water vapor, followed by 
carbon dioxide, methane and nitrous oxide. Human-made chemicals that act as greenhouse 
gasses include chlorofluorocarbons (CFCs), hydrochloroflurocarbons (HCFs) and 
hydrofluorocarbons (HFCs) 
 
• Ecotoxicity  
The ecotoxicity describes the impacts of toxic substances on ecosystems. Ecosystems can 
be divided into three sub categories; aquatic, terrestrial and sediment ecosystems. There is 
also a separation between freshwater aquatic ecotoxicity and marine aquatic ecotoxicity 
and between freshwater sediment ecotoxicity and marine sediment ecotoxicity.  
 
• Land use  
This category covers the consequences of human land use. A distinction can be made 
between different kinds of land use. Land competition describes the use of land in terms of 
being temporarily unavailable. Function and the loss of biodiversity belong to the second 
group of impact categories. The loss of life support covers the problems of the effect on life 
support function resulting from interventions, such as the destruction or alteration of land. 
The loss of biodiversity describes the effects on biodiversity resulting from interventions 
such as the use of biotic resources or the destruction of land.  
  
• Ozone depletion  
Stratospheric ozone depletion refers to the thinning of the stratospheric ozone layer as a 
result of human caused emissions. The ozone layer protects life on earth from ultraviolet 
radiation. Human activity has caused the ozone layer to break down by releasing pollutants 
into the earth’s atmosphere leading to the so-called ‘hole’ in the ozone layer. Halogens in 
the atmosphere, also known as CFCs, are responsible for much of the damage that has been 
done to the ozone layer.  
  
• Resources  
The EDIP/UMIP resources only method only reports resources. Opposite to the default 
method, resources are given in individual impact categories.   
  
• Respiratory organics  
Respiratory effects resulting from summer smog, due to emissions of organic substances to 
air are included in this category.   
  
• Respiratory inorganics  
Respiratory effects resulting from winter smog, due to emissions of dust, sulphur and 
nitrogen oxides to air. 
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Appendix D 
 
All single scores for bioconcrete and concrete with Eco-Indicator 99 (H) method. 
 
i) Single Score for Bioconcrete production 
Título:  Analizando 1 p '1m3 Bioconcrete' 
Método:  Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A 
Indicador:  Puntuación única 
  
Categoría de 
impacto Unidad Total 
Sand, at 
mine/ 
CH S 
Water 
decarboniz
ed ETH S 
100L 
bacterial 
suspension 
Calcium 
chloride, 
CaCl2, at 
plant/RER 
S 
Urea, as N, 
at regional 
storehouse/
RER S 
Operation, 
lorry 7.5-
16t, 
EURO5/R
ER S 
Electricity 
from 
hydropwr 
B250 
Total Pt 88.48 0.39 0.02 4.43 17.27 60.24 6.14 0.00 
Carcinogens Pt 1.99 0.01 0.00 0.02 1.13 0.82 0.02 0.00 
Resp. organics Pt 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 
Resp. 
inorganics Pt 22.04 0.18 0.01 1.05 7.82 11.87 1.12 0.00 
Climate change Pt 6.43 0.03 0.00 0.33 1.82 3.74 0.50 0.00 
Radiation Pt 0.07 0.00 0.00 0.00 0.03 0.03 0.00 0.00 
Ozone layer Pt 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ecotoxicity Pt 2.82 0.01 0.00 0.08 0.86 1.75 0.11 0.00 
Acidification/ 
Eutrophication Pt 2.67 0.02 0.00 0.12 1.07 1.31 0.15 0.00 
Land use Pt 1.05 -0.04 0.00 0.04 0.48 0.52 0.05 0.00 
Minerals Pt 1.59 0.01 0.00 0.01 0.69 0.87 0.00 0.00 
Fossil fuels Pt 49.81 0.18 0.01 2.79 3.34 39.30 4.18 0.00 
 
ii) Single Score for Bioconcrete LCA 
Título:  Analizando 1 p 'LCA of 1m3 bioconcrete' 
Método:  Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A 
Indicador:  Puntuación única 
  
Categoría de impacto Unidad Total 1m3 Bioconcrete 
60recycle / 
40reuse 
Total Pt 53.31 88.48 -35.17 
Carcinogens Pt 1.20 1.99 -0.79 
Resp. organics Pt 0.01 0.02 -0.01 
Resp. inorganics Pt 13.27 22.04 -8.78 
Climate change Pt 3.87 6.43 -2.56 
Radiation Pt 0.04 0.07 -0.03 
Ozone layer Pt 0.00 0.00 0.00 
Ecotoxicity Pt 1.70 2.82 -1.12 
Acidification/ 
Eutrophication Pt 1.60 2.67 -1.06 
Land use Pt 0.64 1.05 -0.42 
Minerals Pt 0.96 1.59 -0.63 
Fossil fuels Pt 30.03 49.81 -19.77 
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iii) Single Score for Concrete Production 
 
Título:  Analizando 1 p '1m3 concrete' 
Método:  Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A 
Indicador:  Puntuación única 
  
Categoría de 
impacto Unidad Total 
Tap 
water, at 
user/RER 
S 
Sand, at 
mine/CH 
S 
Gravel, 
crushed, 
at 
mine/CH 
S 
Portland 
cement, 
strength 
class Z 
42.5, at 
plant/CH 
S 
Operation, 
lorry 7.5-16t, 
EURO5/RER 
S 
Electricity, 
hydropower, 
at power 
plant/AT S 
Total Pt 51.39 0.01 0.16 0.39 5.41 45.42 0.00 
Carcinogens Pt 0.17 0.00 0.00 0.01 0.04 0.11 0.00 
Resp. organics Pt 0.02 0.00 0.00 0.00 0.00 0.01 0.00 
Resp. inorganics Pt 10.15 0.00 0.07 0.20 1.59 8.28 0.00 
Climate change Pt 5.23 0.00 0.01 0.04 1.46 3.72 0.00 
Radiation Pt 0.03 0.00 0.00 0.01 0.01 0.01 0.00 
Ozone layer Pt 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ecotoxicity Pt 0.92 0.00 0.01 0.02 0.06 0.83 0.00 
Acidification/ 
Eutrophication Pt 1.29 0.00 0.01 0.02 0.19 1.08 0.00 
Land use Pt 0.31 0.00 -0.02 -0.14 0.06 0.40 0.00 
Minerals Pt 0.08 0.00 0.01 0.02 0.03 0.02 0.00 
Fossil fuels Pt 33.20 0.00 0.07 0.21 1.96 30.95 0.00 
 
 
 
iv) Single Score for Concrete LCA 
 
Título:  Analizando 1 p 'LCA of 1m3 concrete' 
Método:  Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A 
Indicador:  Puntuación única 
  
Categoría de impacto Unidad Total 1m3 
concrete 
60recycle 
/40landfill 
Total Pt 108.32 51.39 56.93 
Carcinogens Pt 27.66 0.17 27.49 
Resp. organics Pt 0.03 0.02 0.01 
Resp. inorganics Pt 12.86 10.15 2.71 
Climate change Pt 9.32 5.23 4.09 
Radiation Pt 0.03 0.03 0.01 
Ozone layer Pt 0.00 0.00 0.00 
Ecotoxicity Pt 21.76 0.92 20.84 
Acidification/ 
Eutrophication Pt 1.40 1.29 0.11 
Land use Pt 0.48 0.31 0.17 
Minerals Pt 0.10 0.08 0.02 
Fossil fuels Pt 34.68 33.20 1.48 
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v) Comparison of Single Scores for Bioconcrete and Concrete Production 
 
Título:  Comparando 1 p '1m3 Bioconcrete' con 1 p '1m3 
concrete' 
Método:  Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A 
Indicador:  Puntuación única 
  
Categoría de 
impacto Unidad 1m3 Bioconcrete 1m3 concrete 
Total Pt 88.48 51.39 
Carcinogens Pt 1.99 0.17 
Resp. organics Pt 0.02 0.02 
Resp. inorganics Pt 22.04 10.15 
Climate change Pt 6.43 5.23 
Radiation Pt 0.07 0.03 
Ozone layer Pt 0.00 0.00 
Ecotoxicity Pt 2.82 0.92 
Acidification/ 
Eutrophication Pt 2.67 1.29 
Land use Pt 1.05 0.31 
Minerals Pt 1.59 0.08 
Fossil fuels Pt 49.81 33.20 
 
vi) Comparison of Single Scores for Bioconcrete and Concrete LCA’s 
 
Título:  Comparando 1 p 'LCA of 1m3 bioconcrete' con 1 p 
'LCA of 1m3 concrete' 
Método:  Eco-indicator 99 (H) V2.06 /  Europe EI 99 H/A 
Indicador:  Puntuación única 
  
Categoría de 
impacto Unidad 
LCA of 1m3 
bioconcrete 
LCA of 1m3 
concrete 
Total Pt 53.31 108.32 
Carcinogens Pt 1.20 27.66 
Resp. organics Pt 0.01 0.03 
Resp. inorganics Pt 13.27 12.86 
Climate change Pt 3.87 9.32 
Radiation Pt 0.04 0.03 
Ozone layer Pt 0.00 0.00 
Ecotoxicity Pt 1.70 21.76 
Acidification/ 
Eutrophication Pt 1.60 1.40 
Land use Pt 0.64 0.48 
Minerals Pt 0.96 0.10 
Fossil fuels Pt 30.03 34.68 
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